ABSTRACT. Although gerbils have been widely used in many areas of biological research over many years, there is currently no effective genetic quality control system available. In the present study, we sought to establish a microsatellite marker system for quality control and conducted an optimized analysis of 137 microsatellite loci in two laboratory gerbil populations and one wild population. Independent sample t-tests on the mean effective allele number, mean of Shannon's information index, and mean H E suggested that 28 of the 137 microsatellite markers were informative for gerbil genetic control. Analysis of 4 laboratory gerbil populations and 1 wild population using the 28 microsatellite loci indicated that allele numbers varied from 1.9639 (Guangzhou, GZ) to 6.6071 (North-West wild, NW). (2015) tions, respectively. The GZ population showed the greatest differentiation, having higher R ST and Nei's standard genetic distances. An AMO-VA revealed high genetic differentiation among the five populations (F ST = 0.296). The microsatellite system established here is effective and will be important in future studies for genetic quality control and monitoring of gerbil breeds.
INTRODUCTION
The Mongolian gerbil (Meriones unguiculatus) is an important laboratory animal that has been widely used as an animal model for human diseases (Levine and Sohn, 1969; Hossmann, 1998) . The species was first introduced into the laboratory in 1935 when 20 pairs were captured in eastern Mongolia and imported to Japan. Some descendant pairs were exported to the United States in 1954 and formed the breeding stock for laboratories there. In China, there are 4 stocks of laboratory gerbils separately located at the Zhejiang Laboratory Animal Centre (Ding et al., 2008) , Dalian Medical University, Guangzhou Medical University, and Capital Medical University. Currently, the gerbil is proving particularly useful for studying strokes because of the lack of communicating arteries between the posterior vertebral arteries (through the basilar artery) and the 2 internal carotid arteries anteriorly. Without significant collateral flow from the vertebral blood supply to the forebrain, a transient bilateral common carotid artery occlusion induces consistent ischemic injury (Kirino and Sano, 1984; Du et al., 2011) . The relative simplicity of carotid occlusion makes this model useful for the study of brain ischemic mechanisms (Dowden and Corbett, 1999; Beck et al., 2007) . Since 1996, Mongolian gerbils infected with Helicobacter pylori (Hirayama et al., 1996) have proven very useful for mimicking human infections, for example, for analyzing underlying processes and studying gastritis and gastric cancer (Shibata et al., 2006; Chiba et al., 2008) . The gerbil has also been used to study nutrition (Deming et al., 2000) , aging (Cheal, 1986) , epilepsy (Fujisawa et al., 2003) , parasitic infection (Kato et al., 2005; Conchedda et al., 2006) , viral infections (Song, 1999; Watanabe et al., 2001) . Recently, the gerbil has been used for studies of neoplastic prostate lesions as its prostate has compact lobes, somewhat similar to the human prostate, and unlike that of rats and mice which have distinct lobes (Cordeiro et al., 2008; Pereira et al., 2009) . However, genetic studies in the gerbil are hampered by the lack of a reliable genetic marker system. Genetic variations among different strains can limit the value of gerbil models by increasing the heterogeneity of their experimental responses. Hence, the establishment of a genetic monitoring system for gerbils is important.
Microsatellites, also known as simple sequence repeats (SSRs), are polymorphic loci consisting of short tandem repeated motifs of 1 to 6 bases randomly distributed throughout mammalian genomes. Microsatellites are highly polymorphic and are more random in their distribution throughout the genome than variable nucleotide tandem repeats (VNTRs) and restriction fragment length polymorphism (RFLPs) (Goodfellow, 1993) . Microsatellites are widespread in eukaryotic genomes and are currently being used as genetic markers in cows (Beckmann and Soller, 1990) , horses (Marklund et al., 1994) , humans (Weber, 1990) , and other species. Furthermore, microsatellites have been successfully used for linkage studies in both humans and mice, and have enabled the identification of numerous quantitative trait loci (QTLs) associated with polygenic disorders (Vyse and Todd, 1996; Mogil, 1999) . The abundance of the repeats and their variability make them very valuable for genetic monitoring. Primer sets for the flanking regions of microsatellite repeat sequences have been developed for the mouse and rat, enabling easy implication of markers by PCR (Love et al., 1990; Dietrich et al., 1996) .
A few studies have examined genetic diversity in gerbils. However, these studies were based on a limited number of populations, or used a limited number of genetic markers, or both (Neumann et al., 2001 ). More recently, the CMU, HOH, and YIN populations were investigated but details of the markers were not provided, such as the number of alleles and the sizes of allele fragments (Du et al., 2010) . The failure to establish a suitable genetic quality control method for gerbils prompted the present study. We sought to develop a method for analyzing the genetic characteristics of gerbil populations in China. To this end, we screened a number of microsatellite loci and selected 28 informative markers. We then tested the efficiency of these markers in gerbils from four laboratory populations and one wild population. Here, we present a description of the genetic characteristics of these gerbils as determined by the selected microsatellite markers.
MATERIAL AND METHODS

Sample collection
We collected liver or kidney samples from 164 gerbils (133 animals from 4 laboratory animal centers and 31 from a wild gerbil population) in China. The laboratory populations came from Beijing (BJ, n = 31), Hangzhou (HZ, n = 12+30, 12 for selecting microsatellite loci and 30 for population analysis), Dalian (DL, n = 30), and Guangzhou (GZ, n = 30). The wild population came from the North-West (NW, n = 31). The locations of the sampled gerbil populations are shown in Figure 1 . Samples were stored at -80°C. The BJ samples were from the breeding colony of the Department of Laboratory Animal Science, Capital Medical University, Beijing, China. The HZ samples were from the Zhejiang Center of Laboratory Animals. The DL population was acquired from Dalian Medical University. The GZ samples came from Guangzhou Medical University. The 31 wild gerbils were recent captures from the junction of the Inner Mongolia Autonomous Region and Ningxia Province within a range of 400 km.
Microsatellite markers for genetic monitoring were identified in a two-step selection process. First, we used genomic DNA from the 12 HZ samples to amplify 137 microsatellite markers previously described in gerbils (Neumann et al., 2001; Du et al., 2010) . Thirty-nine of these markers showing higher allele numbers and greater polymorphism were selected in agarose gel electrophoresis assays. Second, microsatellite genotyping of the BJ, NW, and HZ populations was performed using the 39 microsatellite markers by short tandem repeat (STR) scanning. We calculated the mean effective allele number, the mean of Shannon's information index and the mean of H E for different numbers of microsatellite markers in the BJ, NW, and HZ populations in order to determine the optimal microsatellite marker system that uses the lowest number of markers but enables reliable genetic quality monitoring of the gerbils. The optimized system contained 28 markers and was used for microsatellite genotyping of DL and GZ. 
DNA extraction, PCR, and microsatellite genotyping
Genomic DNAs were extracted from the frozen liver or kidney samples of the 164 gerbils following the method described in (Du et al., 2010) . In brief, 100 mg tissue was cut into pieces and placed in 1 mL STE buffer (10 mM Tris-HCl, pH 8.0; 50 mM EDTA, pH 8.0; 200 mM NaCl; 0.5% SDS) and digested with 0.02 mg/mL proteinase K at 55°C for 12 h. The digestion mixture was then extracted with phenol:chloroform (ratio = 1:1). The DNA was precipitated with ethanol and dissolved in TE buffer. The resulting DNA was quantitated with a Microplate Absorbance Reader (Bio-Rad 680, USA), evaluated by agarose gel electrophoresis, and stored at -20°C.
As described above, 39 of 137 microsatellite markers showed higher allele numbers and more polymorphism. These were used for microsatellite genotyping of BJ, NW, and HZ populations. The forward primers for these markers were labeled at the 5ꞌ end with FAM, TAMRA, or HEX fluorescent dyes. PCR was performed using a total volume of 20 μL that contained 50 ng genomic DNA, 0.5 μM fluorescently labeled forward primer and 0.6 μM reverse primer, 2 μL Applied Biosystems 10X buffer B with MgCl, 200 μM deoxynucleoside triphosphates, and 1.0 U Taq DNA polymerase. The amplification conditions were initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at a primer-specific gradient temperature for 30 s, extension at 72°C for 30 s, with a final extension at 72°C for 10 min. The PCR products were first assessed on 1.5% agarose gels stained with 10 μg/μL ethidium bromide and visualized using a UV transilluminator (Vilber Lourmat Inc.). Genotyping was conducted on an ABI-3730XL DNA Analyzer (PE Biosystems, USA). We used GENEMARKER version 1.5 with a 500-bp size standard to determine allele sizes.
Statistical analysis
We used Popgene 3.2 (Raymond and Rousset, 1995) to test deviations from the HardyWeinberg equilibrium (HWE) for each locus over all populations and for all loci using an exact test based on a Markov chain algorithm with a forecasted chain length of 10,000 dememorizations, 100 batches, and 5000 iterations per batch. Significance levels were calculated per locus, per population, and over all loci and populations combined. Genetic diversity within populations was measured as the mean number of alleles (N A ) per locus. H O and H E were calculated and Wright's (Nei 1987 ) fixation index (Fis) as a measure of heterozygote deficiency or excess was tested based on allele frequencies (10,000 dememorizations, 100 batches, and 5000 iterations per batch) using the Popgene 3.2 software. The genetic distances between the five populations were measured according to the method of Nei's standard distance (Nei 1972) . A dendrogram using UPGMA for neighbor joining, based on Nei's unbiased genetic distance, was generated in the Popgene 3.2 software. The tree was visualized using TREEVIEW (Page 1996) .
We used SPSS Statistics 17.0 to perform independent sample t-tests on the mean of effective allele number, the mean of Shannon's information index, and the mean of H E of different numbers of microsatellite markers in BJ, NW, and HZ samples, to determine the optimum microsatellite marker system with the fewest markers for the genetic quality monitoring of closed gerbil colonies.
Genotypic linkage disequilibrium was estimated between all locus pairs with ARLE-QUIN 3.0 (Excoffier et al., 2005 ) (Markov chain using 5000 dememorizations, 100 batches, and 500 iterations per batch). The pairwise R ST was estimated by ARLEQUIN 3.0 (Paetkau et al., 1995 (Paetkau et al., , 1997 Waser and Strobeck 1998) . To estimate the proportion of genetic variance explained by the populations, we also conducted an analysis of molecular variance (AMOVA; 10,000 permutations) by ARLEQUIN 3.0. The AMOVA examined the hierarchical proportion of total genetic variance in ''among populations within groups'', ''among individuals within populations'', and ''within individuals''.
RESULTS
Optimum microsatellite marker system
Thirty-nine of the 137 markers analyzed had more than 3 alleles ( Table 1 ). The independent sample t-tests on mean effective allele number, mean of Shannon's information index, and mean of H E , showed that there were no significant differences in the BJ, NW, or HZ populations (Tables S1, S2, and S3) based on either 28 or 39 microsatellite markers (P > 0.05). The independent sample t-tests of the three indicators based on 27 microsatellite markers in CMU and HZ populations also showed no significant differences from that based on 39 microsatellite markers. However, the independent sample t-tests on mean of H E in the NW population based on 27 microsatellite markers was significantly different from that based on 39 microsatellite markers (P > 0.05); the other indicators did not show a significant difference.
Genetic diversity and tests of disequilibrium
The NW population had the largest total number of alleles (185), while the HZ population had the fewest (100). The overall number of alleles per locus ranged from 9 (GU562695 and GU562777) to 46 (AF200946). H E was the highest in the NW population (0.6671) and the lowest in GZ (0.3972) ( (Table 2 ). These results indicate that either random mating has not occurred in the GZ population or that there are additional subdivisions that are unknown or unidentified. The ARLEQUIN analysis did not find linkage disequilibrium in any of the 5 populations.
The average H O was less than the expected value (0.3883 and 0.5132, respectively). Significant high heterozygosity was found at most loci in all populations (Table 2) . A probability test using the Markov chain method, based on the 'exact HW test' for each locus over all sampling sites, identified obvious departures from the HWE at all 28 loci after application of the Bonferroni correction. All populations displayed significant departures from the HWE (P < 0.01); the deviations suggested that the laboratory animal populations were insufficiently large or that random mating did not occur. There was no clear evidence for linkage disequilibrium between any two of the 28 loci after correcting for multiple testing.
Pairwise R ST values between GZ and other populations (0.3345-0.5197) were higher than in most pairs of populations (0.1772-0.4228 with P < 0.01), except for GZ and DL populations (0.3690) ( Table 3 ). The D S values between the GZ and other populations (0.6414-1.10184) were higher than in most other combinations of populations (0.7286-0.9681), except for GZ and BJ populations (0.6414) ( Table 3 ). The phylogenetic tree constructed using D S values (Figure 2) showed that the GZ and BJ populations were genetically the most differentiated of the sampled populations. An AMOVA demonstrated that variance among individuals within populations accounted for 69.82% of the variation, while variance among populations was estimated as 29.62% (0.29<Fst>0.17, Table 4 ), indicating that all the populations were differentiated from each other. Figure 2 . Neighbor-joining tree based on Nei's standard genetic distance (corrected for sample size; Nei et al. 1987) for the 5 gerbil populations studied here. Pop1 is BJ, pop2 is NW, pop3 is HZ, pop4 is DL, and pop5 is GZ. Table 4 . Analysis of molecular variance (AMOVA) for 28 microsatellite markers in five gerbil populations.
DISCUSSION
The Mongolian gerbil (Meriones unguiculatus) has been widely used as a valuable animal model of several human diseases (Levine and Sohn, 1969) . As a consequence of its use as a model system in biomedical research, genetic quality control has become increasingly important for laboratory populations. In the present study, we sought to establish a genetic quality testing system using microsatellite markers for the gerbil populations in China as this would enable genetic quality control and monitoring of these populations. Typically, there are three important considerations for the establishment of a microsatellite genetic monitoring system: high polymorphism, uniform distribution across the chromosomes, and an abundance of markers. It is important that the selected microsatellite markers are highly polymorphic in order to effectively detect genetic diversity. In addition, the selected microsatellite markers need to be uniformly distributed across all chromosomes to genetically characterize the population. At present, the distribution of the microsatellite markers across gerbil chromosomes is still unknown, and so it has to be inferred from the known distributions in mice. Use of large numbers of microsatellite markers produces more accurate results but is time-consuming and expensive. In contrast, use of a small number of microsatellite markers lowers the accuracy of the results. Thus, a suitable number of microsatellite markers is necessary to establish a genetic monitoring system. In this study, we screened all 137 known microsatellite loci in the gerbil and selected 39 highly polymorphic markers that are uniformly distributed on mouse chromosomes. As detailed above, we tested these markers in gerbil populations and found that 28 of the 39 microsatellite markers could be used to establish an effective microsatellite marker system. This conclusion was based on the results of independent sample t-tests of the different microsatellite markers with regard to mean effective allele number, mean of Shannon's information index, and mean H E (Tables S1, S2, and S3). Barker (1994) suggested that at least 25 randomly selected animals should be used in population and diversity studies and that loci with at least four different alleles should be used to reduce the standard errors of estimated distances. Thus, the 28 gerbil microsatellite markers selected here are appropriate for genetic monitoring and breeding. Future developments in gerbil genetic research will undoubtedly result in the identification of more microsatellite markers and in determination of the chromosomal distributions. Such new information would allow the monitoring system to be adjusted and improved. To date, however, our system is the most best available for genetic quality control in gerbils.
We used the selected 28 microsatellite markers to evaluate genetic variation in five gerbil populations in China. Most of the 28 microsatellite markers departed significantly from the HWE. This result was supported by differences between H E and H O , indicating the existence of non-random mating. Overall, H E , N A and I values were greatest in the NW population and lowest in the GZ population ( Table 2 ). The NW population was derived from 31 gerbils captured from the wild (Figure 1 ). This may explain why H E , N A and I values were the greatest in this population. It is notable that these indicators of genetic variation in NW were similar to those in the BJ population (Table 2) . There are two possible reasons for this similarity: first, the BJ population was derived from approximately 400 pairs of gerbils captured in 1986 from the wild in Hohehot Municipality, China, and have been maintained in the laboratory for 23 years; second, the NW samples might share some degree of genetic relationship. The GZ population was established from 40 pairs of gerbils from the ZJ, BJ, and DL populations, and it was maintained as a relatively small population. These maintenance procedures might have produced the relatively low H E , N A , I, and H O values ( Table 2) . The H O values were lower than H E values in four populations, and only the GZ population had an H O value higher than the H E value (Table 2 ). This suggests that either random mating has not occurred in the GZ population or that there are additional unknown subdivisions that have not been identified.
The pairwise R ST , D S and neighbour-joining results suggested relatively large differentiation of GZ and other gerbil populations. The marked differences between the populations could be explained by the differences in their origins and mating systems. Although the GZ population was partly derived from the DL population, these two populations nevertheless showed significant genetic differentiation (Table 3) . Possibly, the length of time since separation of the populations, combined with the introduction of HZ and BJ population characteristics, and the influence of human selection might have contributed to the high R ST and D S values (Table 3) . The BJ and NW populations were genetically close because of their similar origins, having been captured in the same area. AMOVA revealed that variance among individuals within populations accounted for 69.82% of total variance, while variance among populations accounted for 29.62% (Table 4 ), indicating that the microsatellite marker system developed here could identify the genetic variation of the five populations.
The polymorphic and microsatellite variations in the BJ laboratory population showed no significant differences to those of wild gerbils. Du et al. (2010) similarly reported H O > H E using 12 microsatellite DNA markers. Ding et al. (2008) also reported an absence of significant genetic variation between a laboratory gerbil population (Z: ZCLA) and wild gerbils (captured from Shan Xi Province, China) using microsatellite DNA markers. However, Neumann et al. (2001) found a lower level of genetic variation in laboratory than wild gerbils. Low genetic variability was also identified in laboratory gerbils by Razzoli et al. (2003) . These different conclusions may be the result of the differences in the breeding history of the animals studied and of the different microsatellite markers used to screen for genetic variation. The optimized microsatellite marker system used in our research was based on a statistical method and involved screening relatively large numbers of microsatellite markers and DNA samples. In addition, the H E of the BJ and NW populations in this study was higher than in the CMU, HOH, and YIN populations. The conflicting outcomes between Du et al. (2010) and here might have been caused by the use of different populations and loci. The CMU sample used by Du et al. (2010) was from same population as the BJ sample here. However, the HOH and YIN samples in the Du et al. (2010) report were collected from a smaller area than the NW sample here; this may account for the higher H E of the BJ and NW populations in our study to that of the CMU, HOH, and YIN populations. The BJ colony was established from approximately 400 pairs of wild gerbils captured in 1986 from the Hohehot Municipality, China. In contrast, almost all of the laboratory gerbils used in United States and European laboratories have been derived from a source that was established from 20 pairs of wild gerbils captured from Manchuria (Inner mongolia, China) in 1935. The strain of laboratory gerbils used by Neumann et al. (2001) is also from this resource. To maintain genetic variation, the BJ population has been outbred; this will undoubtedly have contributed to its higher level of genetic variability. Our results demonstrated that laboratory and wild gerbils did not show differences in genetic variation. However, Neumann et al. (2001) reported that allele numbers were higher in wild gerbils than laboratory gerbils. This discrepancy might be related to the different sources of the wild animals. The wild gerbils in this study were captured from an area at the junction of the Inner Mongolia Autonomous Region and Ningxia Province, China. The wild gerbils used by Neumann et al. (2001) were ''trapped at six different locations about 130 to 140 km southwest and 100 km west of Ulaanbaatar''.
In this study, we have developed a microsatellite marker system for the genetic monitoring of laboratory populations of gerbils. This system will be helpful and important for the genetic quality control and monitoring of these populations. The level of heterozygosity in four laboratory gerbil populations was lower than expected emphasizing that standard operation principles, strict supervision and the microsatellite marker system presented here should be implemented for the maintenance of gerbil populations in China to obtain genetically defined gerbils for use in biomedical research. The identification here of genetic differences among the four laboratory gerbil populations emphasizes the need to consider the possible effects of genetic variation on the outcome of experiments depending on the population used.
